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Background: The reduction of carbon dioxide to methane in methanogenic
archaea involves the tetrahydrofolate analogue tetrahydromethanopterin
(H4MPT) as a C1 unit carrier. In the third step of this reaction sequence,
N5-formyl-H4MPT is converted to methenyl-H4MPT+ by the enzyme
methenyltetrahydromethanopterin cyclohydrolase. The cyclohydrolase from the
hyperthermophilic archaeon Methanopyrus kandleri (Mch) is extremely
thermostable and adapted to a high intracellular concentration of lyotropic salts.
Results: Mch was crystallized and its structure solved at 2.0 Å resolution using
a combination of the single isomorphous replacement (SIR) and multiple
anomalous dispersion (MAD) techniques. The structure of the homotrimeric
enzyme reveals a new α/β fold that is composed of two domains forming a large
sequence-conserved pocket between them. Two phosphate ions were found in
and adjacent to this pocket, respectively; the latter is displaced by the
phosphate moiety of the substrate formyl-H4MPT according to a hypothetical
model of the substrate binding.
Conclusions: Although the exact position of the substrate is not yet known, the
residues lining the active site of Mch could be tentatively assigned. Comparison
of Mch with the tetrahydrofolate-specific cyclohydrolase/dehydrogenase reveals
similarities in domain arrangement and in some active-site residues, whereas
the fold appears to be different. The adaptation of Mch to high salt
concentrations and high temperatures is reflected by the excess of acidic
residues at the trimer surface and by the higher oligomerization state of Mch
compared with its mesophilic counterparts.
Introduction
Methenyl-tetrahydromethanopterin (methenyl-H4MPT)
cyclohydrolase is a cytoplasmic enzyme found in
methanogenic archaea [1], sulphate-reducing archaea [2]
and methylotrophic bacteria [3]. It catalyzes the reversible
formation of N5,N10-methenyltetrahydromethanopterin
(methenyl-H4MPT+) from N5-formyltetrahydromethano-
pterin (formyl-H4MPT) [4,5] (Figure 1).
N5-formyl-H4MPT+H+ N5,N10-methenyl-H4MPT++H2O
∆G°′ = –5 kJ/mol [1] (1)
This reaction in the forward direction is involved in the
reduction of CO2 to methane and in autotrophic CO2 fixa-
tion. In the reverse direction it is involved in C1 unit oxi-
dation to CO2.
The enzyme has been purified from Methanobacterium
thermoautotrophicum [6,7], Methanosarcina barkeri [8],
Methanopyrus kandleri [9,10], Archaeoglobus fulgidus [2] and
Methylobacterium extorquens AM1 [11] and the genes that
encode it have been cloned and sequenced. The
sequences at the protein level show a high degree of
similarity [9,11] (Figure 2). 
The methenyl-H4MPT cyclohydrolases from the differ-
ent organisms are all composed of only one type of
subunit with a molecular mass of approximately 35 kDa
and are devoid of a chromophoric prosthetic group [9,2].
They are reported to have a homodimeric quaternary
structure [2,11] with the exception of the cyclohydrolase
from M. kandleri, which is a homotrimer (this paper). The
catalytic mechanism of the enzyme has not yet been elu-
cidated. A very similar reaction is catalyzed by the
enzyme methenyltetrahydrofolate cyclohydrolase which
is the reversible formation of N5,N10-methenyltetra-
hydrofolate (methenyl-H4F+) from N10-tetrahydrofolate
(formyl-H4F).
Addresses: 1Max-Planck-Institut für terrestrische
Mikrobiologie, Karl-von-Frisch-Straße, 35043
Marburg, Germany, 2Max-Planck-Institut für
Biophysik, Heinrich-Hoffmann-Straße 7, 60528
Frankfurt, Germany, 3Institut für Anorganische
Chemie, AK Prof. Kolbesen, Marie-Curie-Straße 11,
60439 Frankfurt, Germany and 4Max-Planck-
Arbeitsgruppen für strukturelle Molekularbiologie,
D-22603 Hamburg, Germany.
*Corresponding author.
E-mail: ermler@mpibp-frankfurt.mpg.de 
Key words: halophilic enzyme, hyperthermophilic
enzyme, methanogenic archaea, Methanopyrus
kandleri, methenyltetrahydromethanopterin
cyclohydrolase
Received: 30 March 1999
Revisions requested: 18 May 1999
Revisions received: 3 June 1999
Accepted: 7 June 1999
Published: 30 September 1999
Structure October 1999, 7:1257–1268
http://biomednet.com/elecref/0969212600701257
0969-2126/99/$ – see front matter 
© 1999 Elsevier Science Ltd. All rights reserved.
Research Article 1257
N10-formyl-H4F + H+ N5,N10-methenyl-H4F+ + H2O
∆G°′ = +6 kJ/mol [12] (2)
H4F and H4MPT are analogous coenzymes (Figures 1a,b)
that functionally differ mainly in the reactivity of N10,
which has a pKa of 2.4 in the case of H4MPT and of 
–1.2 in the case of H4F [13]. Interestingly, both
methenyl-H4F+ and methenyl-H4MPT+ spontaneously
hydrolyze to the N10-formyl derivative under alkaline
conditions, whereas the enzyme-catalyzed reaction yields 
N10-formyl-H4F [12] and N5-formyl-H4MPT, respec-
tively [5,11,14]. 
The crystal structure of a human methenyltetrahydro-
folate cyclohydrolase has been solved recently [15]. This
is a bifunctional enzyme with no sequence similarity to
the methenyl-H4MPT cyclohydrolase; it catalyzes both
the formation of methenyl-H4F+ from formyl-H4F and the
reduction of methenyl-H4F+ to methylene-H4F with
NADPH. Although the crystal structure was solved with
NADP+ bound to the protein, no complex with formyl-
H4F, methenyl-H4F+ or methylene-H4F has been
reported so far. A binding site for methenyl-H4F cyclo-
hydrolase was tentatively assigned and a sequence-con-
served YXXXK motif (using single-letter amino acid code)
was proposed to be involved in catalysis of the cyclohydro-
lase step of the reaction [15].
Here we report the crystal structure of methenyl-H4MPT
cyclohydrolase from M. kandleri (Mch). M. kandleri is a
hyperthermophilic methanogenic archaeon that grows
optimally at 98°C [16,17] and maintains a high intracellu-
lar concentration of cyclic 2,3-diphosphoglycerate (> 1 M)
and potassium ions (> 2 M) [16–18]. The enzymes in 
M. kandleri are therefore adapted to high temperatures and
high salt concentrations. Thus, Mch is completely stable
at 90°C and dependent on high concentrations of lyotropic
salts for activity [10].
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Figure 1
Comparison of tetrahydromethanopterin
(H4MPT) and tetrahydrofolate (H4F). 
(a) Structure of tetrahydromethanopterin
(H4MPT) [53]. H4MPT can be subdivided into
six moieties. The methylene group in para
position to the N10 is shaded in green. The
two nitrogens carrying the C1 unit are
numbered in blue. (b) Structure of
5,6,7,8-tetrahydrofolic acid (H4F). The
carbonyl group in para position to the N10 is
shaded in green. (c) Structures of H4MPT
carrying a C1 unit (shown in red) at the
formate oxidation level. The C1 unit can be
carried either on N5 or N10. N5-formyl-H4MPT
is converted to methenyl-H4MPT+ by the
methenyl-H4MPT cyclohydrolase.
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Structure
Results
Structure determination
Mch heterologously overproduced in Escherichia coli was
crystallized using PEG 1500 as precipitant at pH 4.0. Three
different crystal forms were obtained; the crystals with the
space group P6322 were used for structure determination
(see the Materials and methods section for details). 
The structure of Mch was solved using the method of
single isomorphous replacement (SIR) in combination
with multiple anomalous dispersion (MAD). This solution
strategy was stimulated by the result of a metal analysis
prior to structure determination using total reflection
X-ray fluorescence spectrometry (TXRF) [19]. The
results showed the enzyme to contain 0.5 mol calcium per
mol subunit Mch at pH 7.0. Heavy-atom derivatization
was achieved with lutetium, an element that can replace
calcium ions in proteins [20] and that has exceptionally
good anomalous X-ray scattering properties. The quality
of the solvent-flattened electron-density map was suffi-
cient to build in the complete Cα trace of the Mch model. 
The model of Mch, including all 316 amino acid residues,
three phosphate ions and 245 water molecules, was
refined to an Rcryst of 19.8% and an Rfree of 21.8%. The
sequence of the recombinant enzyme differs from the
wild-type enzyme in two amino acids at the N terminus
and C terminus. The N terminus starts with the sequence
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Figure 2
Alignment of the known H4MPT
cyclohydrolase primary structures and
secondary structure assignment on the basis
of the structure of Mch. The amino acid
similarity as calculated by the program
ALSCRIPT [54] is shown in different shades
of blue. The amino acids Lys94 and Tyr190
have been marked with blue arrowheads. The
numbering of the amino acids is according to
the protein variant of Mch described in the
text. The organisms with their growth optimum
temperatures are Methanobacterium
thermoautotrophicum (Mb. the), 65°C,
Methanococcus jannaschii (Mc. jan), 95°C,
Methanosarcina barkeri (Ms. bar), 37°C,
Archaeoglobus fulgidus (Ae. ful), 95°C,
Methylobacterium extorquens (Mtb. ex), 30°C,
and M. kandleri (Mp. kan), 95°C. The figure
was drawn using the program ALSCRIPT. The
α helices and β sheets are indicated by red
tubes and green arrows, respectively.
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Structure
MVSV instead of VSV and the C terminus ends with FSL
instead of FGL [9]. Crystals of the enzyme with the origi-
nal N terminus belonging to the space group R3 were also
obtained. The structure of this crystal form was solved by
molecular replacement and refined to 2.4 Å resolution.
The monomer structure
The monomer of Mch is arranged in a globular form with
overall dimensions of 50 × 40 × 35 Å3. The Cα trace of the
enzyme, the secondary structure elements and a fold
topology diagram are presented in Figures 3a–c. 
The fold of Mch can be analyzed in different ways.
According to the most familiar way of description the
structure can be subdivided into two closely attached
domains both adopting an α/β structure. The two domains,
denoted A and B, are mutually arranged in such a manner
as to create a large pocket between them. Domain A
includes residues 1–57 and 83–170 and reveals the central
folding motif to be a six-stranded mixed β sheet. The
β sheet is flanked by helices α1 and α2 on the back and
helix α5 on the front, thus forming an α/β sandwich motif.
A more precise analysis of the β sheet indicates that it can
be subdivided into two smaller β sheets that are inclined
against each other by nearly 90°. Domain B, comprising
residues 58–82 and 171–316, also consists of a six-stranded
mixed β sheet with the arrangement of the strands being
different to that of domain A (Figure 3c). Strands β3 and
β4 were found to be longer than the other strands of the
β sheet, which is noteworthy because these extensions
participate in trimer formation. In contrast to domain A,
the central β sheet of domain B is only covered by helices
α6, α7, α8 and α10 on its frontside but the back of the
β sheet is involved in trimerization.
The extensive contacts between the two domains make
the subdivision into two domains somewhat artificial. The
structure can alternatively be considered as an entity com-
posed of a β/α/β layer. Whereas the β layers correspond to
the described central β sheets of the domains, the α layer
comprises helices α1, α2, α6, α7, α9 and α10 (Figure 3b). 
According to the program DALI [21], Mch possesses a
new fold within the α/β family. Also, the separated
domains A and B reveal no significant fold relationship to
any of the other structurally characterized proteins. Thus,
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Figure 3
Diagram of Mch Cα trace, fold and topology.
(a) Stereo drawing of the Cα trace of Mch
produced with the program SETOR [55].
Domain A is shown in green, domain B in red.
The sidechains of three active-site residues are
shown in pink. (b) Ribbon diagram of the overall
fold of Mch; helices are shown in red, β strands
in green. (c) Fold topology plot of Mch.
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the functionally related tetrahydrofolate-dependent cyclo-
hydrolase/dehydrogenase [15] adopts a different fold than
Mch, but shows a similar overall architecture because, as
in Mch, there are two α/β domains forming a pocket
between them.
The profile of the protein surface creates a large pocket
of  approximately 20 × 8 × 10 Å3 in size between domains
A and B (Figure 4a). The pocket is characterized by a
high degree of amino acid sequence conservation
(Figure 5b) and is therefore highly attractive as a binding
site for the bulky methenyl-H4MPT+. The pocket size in
relation to the size of the substrate methenyl-H4MPT+ is
shown in Figure 4a.
The bottom of this pocket is formed by the long kinked
helix α6 whereas the side wall of the pocket from the
domain A side is made up by helices α3 and α5, the loop
connecting helix α3 to strand β5, and strands β5, β6 and
β7. The side wall of the pocket from the domain B side is
formed by helices α7 and α9 and the following loop. Sur-
prisingly, the residues of this loop are both solvent-
exposed and hydrophobic (Figure 5a, yellow arrow).
Although these residues are well conserved throughout
the sequences of the H4MPT-dependent cyclohydrolases
(Figure 5b) they are highly flexible, as indicated by the
dramatically increased isotropic temperature factors. The
solvent-exposed sidechains of Phe276, Tyr277 and
Phe284 (Figure 5a) are orientated towards the pocket and
interact  with the more buried unpolar residues Phe265,
Phe269, Met223, Met266 and Ile231 in a large hydropho-
bic cluster. These sidechains might also form hydrophobic
and aromatic interactions with the large conjugated aro-
matic system of the substrate methenyl-H4MPT+ and
with hydrophobic residues of the pocket wall from the
domain A side in the enzyme–substrate complex.
In contrast, the bottom of the pocket and parts of the side
wall from the domain A side are dominated by polar and
charged residues including Glu186, Ser109, Arg183, Lys94
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Figure 4
Domain arrangement and electrostatic
potential of Mch. (a) Molecular surface
representation of Mch including a theoretical
model of the substrate methenyl-H4MPT+. The
pterin and aminobenzoate moieties of the
substrate are located in a large pocket
between domain A (red) and domain B
(green). The figure was created using the
program GRASP [56]. A yellow arrow was
drawn into the figure for alignment with
Figure 5. (b) Electrostatic potential of Mch
calculated at 1.5 M salt concentration
(potential range –30 kT–10 kT). Two clusters
of positively charged residues in and adjacent
to the pocket serve as binding sites for the
phosphate ions Pi401 and Pi402. Positive 
Negative  
Electrostatic potential
Pi401Pi402
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Domain B
(a) (b)
Structure
Figure 5
Hydrophobicity and primary structure
conservation of Mch. (a) Hydrophobicity of
the surface amino acids of Mch. The pocket
wall from the domain B side is dominated by
hydrophobic residues. The solvent-exposed,
highly flexible and hydrophobic loop is marked
by a yellow arrow. (b) Primary structure
similarity of the methenyl-H4MPT
cyclohydrolases from archaea mapped onto
the molecular surface of Mch as calculated by
the program ALSCRIPT. The pocket and the
hydrophobic loop from the domain B side
(yellow arrows) are the most sequence-
conserved regions of the protein. 
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and Tyr190. The short distance of 4 Å between atoms
OH-Tyr190 and Nε-Lys94 (Figure 6) is interesting
because a lysine and a tyrosine residue were proposed to
be involved in catalysis of the cyclohydrolase step in the
H4F-dependent cyclohydrolase/dehydrogenase bifunc-
tional enzyme [15] (see the Discussion section).
The electron density clearly showed the presence of three
phosphate or sulphate anions, although neither phosphate
nor sulphate was used during protein crystallization or
purification. Two of these anions, modelled as phosphates,
are located in and at the entrance of the pocket (Figure 4b).
Each of the two phosphate-binding sites might constitute a
binding site for the negatively charged α-hydroxyglu-
tarylphosphate moiety of the substrate methenyl-H4MPT+
given that there are no further solvent-exposed clusters of
positively charged residues in the active-site region (see
the Discussion section). The phosphate ion Pi401 found at
the entrance of the pocket (Figure 4b) is linked to the
protein by hydrogen bonds to residues Lys118, His152 and
Trp97, whereas the phosphate ion Pi402 is located inside
the pocket and contacts atoms Nε-Lys94, N-Ala95, 
Nε1-Arg183 and Oε1-Glu186 (Figure 6). The two phos-
phate ions Pi401 and Pi402 are approximately 17 Å apart
and have temperature factors of 40 Å2 and 27 Å2, respec-
tively, indicating a tighter binding or a higher occupancy of
the phosphate buried in the pocket. An overview of the
nonhydrophobic residues in the pocket including the
bound phosphate ions is presented in Figure 6.
The electron density did not reveal an unequivocal cation
binding site. Even at the heavy atom binding site, which is
located between residues Asp146 and Asp148, no electron
density corresponding to a calcium ion was observed in the
native dataset. A possible explanation for this finding,
which contradicts the TXRF results, could be a protonation
of the aspartate residues at pH 4.0 used for crystallization.
The trimer interface 
In all three crystal forms of Mch the enzyme has a crystallo-
graphic dimer interface and, independently of that, a trimer
interface. In the P6322 crystal form, which is described
here, these interfaces coincide with the crystallographic
threefold and twofold axes. The solvent-accessible surface
that is buried by trimer formation is 2198 Å2 (16% of the
monomer surface) compared with only 484 Å2 (3.7%) for
the dimer interface. Thus, the accessible surface buried by
the trimer interface is in the range usually observed for
oligomeric proteins [22]. Given that the same trimer inter-
face is present in all crystal forms and the trimer is also
much more compact compared with the dimer, we propose
that Mch is present in cells as a trimer (Figure 7).
Each monomer forms two contact areas, denoted I and II,
to each of the neighboring subunits. Contact area I is built
up by the loops connecting strand β7 and helix α7, strand
β2 and helix α2, helix α1 and strand β1, strand β8 and
helix α6, by the C-terminal segment and by the prolonged
portions of strands β3 and β4. Contact area II is formed by
the central β sheet at the backside of domain B and is
composed of the N-terminal segment, strand β3 and the
following loop, strands β4, β9, β10, β11 and β12 and the
connecting loop between strands β11 and β12. At the
trimer axis, the prolonged portions of strands β3 and β4 of
the three monomers form the wall of a hole of about 4.5 Å
diameter that is occupied by a solvent molecule posi-
tioned at the trimer axis. 
The trimer interface is basically built up of a large, mainly
hydrophobic cluster that is surrounded by polar regions.
The central hydrophobic cluster comprises residues
Phe46, Leu50, Leu65, Pro76, Ser173, Ile174 and Val215 of
one monomer and residues Thr81, Tyr205, Thr207,
Tyr237 and Leu294 of the second monomer. No water
molecules were found inside this cluster. The surrounding
polar region shields the nonpolar region of the interface
from bulk solvent and contributes to oligomerization by
forming ten intersubunit hydrogen bonds and several
polar interactions mediated by firmly bound water mol-
ecules. Although four positively and five negatively
charged residues are involved in hydrogen binding, only a
few ion pairs were found at the polar interface region. For
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Figure 6
Stereo picture of the nonhydrophobic
residues (in single-letter amino acid code) in
the pocket of Mch. The salt bridges of the two
phosphate ions with the protein residues are
indicated by dotted lines.
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Structure
example, one ion-pair network formed between Glu67,
Glu69, His70 and Arg288 is located near the trimer axis.
Interactions between adjacent monomers help to anchor
the N termini and C termini of the protein. The N termi-
nus is fixed by a salt bridge between the N terminal amino
group of Met1 and residue Glu20 of the adjacent
monomer. Additionally, an intramolecular hydrogen bond
is formed between the peptide oxygen of Val2 and the
hydroxyl group of Tyr128. From the separately deter-
mined structure of Mch with the original N terminus Val2
it is known that a similar interaction is established
between Glu and the N terminus Val2. The fixation of the
C terminus is enhanced by a hydrophobic intersubunit
interaction involving the sidechains of Leu316 and
Phe314 with residues Thr299 and Thr301 of the adjacent
monomer. Moreover, at the C terminus, a hydrogen bond
is present between the peptide nitrogen of residue
Leu316 and the peptide oxygen of Lys311.
Sequence comparison studies indicate that the residues
forming the hydrophobic cluster at the trimer interface
tend to be either conserved or conservatively exchanged,
whereas the charged residues at the polar part of the
trimer interface are not maintained. Consequently, only
one of the ten hydrogen bonds in the polar trimer inter-
face region was found to be sequence-conserved in all
other H4MPT-dependent cyclohydrolases. A prediction of
the site of the dimer interface in the H4MPT cyclohydro-
lases of M. thermoautotrophicum and M. barkeri is difficult
because the described trimeric oligomerization mode is
not a suitable model for a dimer interface.
Surface of the trimer
A striking feature of Mch is the abundance of negatively
charged amino acid residues, especially glutamates, at the
solvent-accessible surface of the protein. There are 36
solvent-accessible glutamates and 20 aspartates at the
accessible surface of Mch compared with only eight lysines,
five arginines and three histidines per monomer. The fre-
quency of glutamate residues, almost all of which are
solvent exposed, was found to be increased by 50% above
the average of the H4MPT cyclohydrolases from other
organisms. In contrast, the aspartate frequency was not sig-
nificantly increased. The negatively charged residues cover
the entire trimer surface except for the substrate pocket,
thereby confirming the functional relevance of this surface
area. The hydrophobic surface fraction was found to be
decreased to 50% compared with 57% for an average
mesophilic protein [23]. This trend also manifests itself in
the lower frequency of hydrophobic amino acids compared
with other H4MPT-dependent cyclohydrolases [9]. 
Discussion
Modelling of the substrate binding
Attempts to cocrystallize Mch with the substrate have, as
yet, failed. A possible explanation for this finding is that
the enzyme without bound substrate is stabilized by
crystal-packing forces or, alternatively, that the substrate
binding affinity of the enzyme is reduced at pH4 (neces-
sary for crystallization).
Nevertheless, a model for the binding of methenyl-
H4MPT+ to Mch can be derived from two characteristic
properties of the protein surface. The first property is the
previously described sequence-conserved pocket
between domains A and B. Its partly hydrophobic charac-
ter, in particular the presence of the aromatic sidechains
lining up the wall of the pocket from the domain B side,
and its size are consistent with the binding of the pterin
and aminobenzoate moieties of the substrate inside the
pocket. The second property is the presence of two clus-
ters of positively charged amino acids in and adjacent to
the pocket, each of them binding a phosphate ion. A func-
tional relevance of these clusters is likely because the
protein surface is predominantly covered by acidic
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Figure 7
The Mch trimer. (a) Van der Waals’ sphere
and (b) ribbon drawing of the Mch trimer
viewed perpendicular to the trimer axis. The
compactness of the trimer is achieved by the
large interface area mainly formed by the three
sixfold β sheets of domain B. The figures were
created using the programs MOLSCRIPT
[57], RASTER3D [58] and SETOR.
residues that are necessary for adaptation to high salt con-
centrations. An obvious role for one of these clusters is to
bind the threefold negatively charged α-hydroxyglu-
tarylphosphate moiety of the substrate (Figure 1)
whereby the observed phosphate ion might mimic the
binding mode of the phosphate moiety of the substrate
methenyl-H4MPT+. The binding of phosphate ions
instead of the phosphate moiety of a substrate has been
reported for several enzymes, such as phosphoribosyl-
anthranilate isomerase/indoleglycerolphosphate synthase
[24], and recently for the NADPH-dependent dihydro-
folate reductase from Haloferax volcanii [25]. The cluster
of positively charged amino acids at the position of the
phosphate ion Pi401 is a highly attractive binding site for
the phosphate moiety of the substrate as it not only allows
for the binding of the α-hydroxyglutarylphosphate moiety
but also for the binding of the pterin head of the substrate
inside the pocket. The plausibility of this binding mode is
supported by the observation that residue Lys118, which
binds to the phosphate Pi401, is conserved in the archaeal
but not in the bacterial H4MPT cyclohydrolases, in which
the substrate was reported to be devoid of the α-hydroxy-
glutarylphosphate moiety. In contrast, the binding of the
phosphate moiety of the substrate at the position of the
phosphate ion Pi402 appears to be unlikely because the
pocket does not provide positively charged amino acids or
mainchain amide groups that could bind the two adjacent
negatively charged carboxylate groups of the α-hydroxy-
glutarate moiety.
We have built a hypothetical model of the enzyme–sub-
strate complex on the basis of the assumption that the
phosphate moiety of the substrate exactly binds at the
observed phosphate position Pi401 and the pterin moiety
binds inside the pocket (Figure 4a). The modelling was
further restrained because of the assumption that the
substrate is bound in the form of methenyl-H4MPT+
which, in contrast to the product N5-formyl-H4MPT, pos-
sesses a large nearly planar conjugated system comprising
the pyrimidine ring, the upper part of the tetrahydro-
pyrazin and the imidazol rings and the benzyl ring as
observed in the structure of methenyltetrahydrofolate
[26]. Assuming the binding of the large conjugated
system inside the pocket and the binding of the phos-
phate moiety at the observed phosphate-binding site, the
substrate has to be kinked in its desoxyribosyl moiety by
nearly 90° at the entrance of the pocket (Figure 4a). The
crystal structure clearly shows that the depth of the
pocket is sufficient to accommodate this nearly planar,
conformationally rigid system, but also indicates that the
pocket is too broad to provide contact between
methenyl-H4MPT+ and both pocket walls. We assume,
therefore, a substrate-induced movement of the
hydrophobic part of domain B by approximately 1.5 Å
towards the plane of the pterin and aniline rings. This
assumption is supported by the presence of the described
flexible, but highly sequence-conserved hydrophobic
loop, which might be rigidified by hydrophobic interac-
tions between its aromatic sidechains and the tetra-
hydropterin ring. Moreover, after the conformational
change most of the solvent-exposed hydrophobic surface
at this pocket wall would be buried. Because it is not as
yet known whether the phosphate ion Pi402 is present
during substrate binding, and because the domain B side
of the pocket is expected to undergo structural changes
upon substrate binding, an accurate prediction of the
interactions between the protein and the substrate
methenyl-H4MPT+ is not possible. Hence, a detailed
analysis of the substrate binding has to await structure
determination of an enzyme–substrate complex. It
should be noted, however, that if the proposed orienta-
tion of the substrate is correct, the two nitrogen atoms N5
and N10 and the attached formyl group can be reached by
the residues Lys94, Arg183 and Glu186 that contact the
buried phosphate ion Pi402.
Enzymatic function
The mechanism of the base-catalyzed spontaneous
hydrolysis of formamidinium cations analogous to both
H4F and H4MPT has been studied in great detail [27,28].
These studies suggest that the spontaneous hydrolysis of
the formamidinium cation proceeds via a tetrahedral imi-
dazolidin-2-ol intermediate that might also be present in
the enzyme-catalyzed reaction. The breakdown of the
imidazolidin-2-ol to the N10-formyl compound via
acid/base catalysis can involve either a positively charged
ammonium derivative or a negatively charged oxyanion
derivative as transition states.
From our modelling studies we propose that the only polar
or charged residues that can possibly contact the atoms N5,
N10 and the carried C1 unit of the substrate are Lys94,
Glu186 and Arg183. Thus, the putative active site, which is
identical to the most sequence-conserved region of the
protein, consists of charged residues that could stabilize
charged transition states. The finding that the putative
active-site region is a phosphate-binding site might indicate
that an oxyanion intermediate is favoured by the enzyme.
The presence of the observed phosphate ion in the
enzyme–substrate complex, however, cannot be excluded.
For the methenyl-H4F-cyclohydrolase/dehydrogenase
bifunctional enzyme, a tyrosine and a lysine residue were
proposed to be involved in the catalysis of the cyclohydro-
lase reaction [15]. Interestingly, the residue Lys94 found
in the putative active site of Mch is also neighboured by a
tyrosine (Figure 6), although the geometric arrangement
of the residues is different. Because Tyr190 was found to
be exchanged against phenylalanine in A. fulgidus
(Figure 2), a catalytic function of this residue as a hydro-
gen donor is impossible for the H4MPT-dependent cyclo-
hydrolases. The residue Lys94 is, in contrast to residues
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Glu186 and Arg183, not entirely sequence-conserved but
exchanged against a tyrosine in M. barkeri and
M. extorquens. As both tyrosine and lysine have been pro-
posed to be involved in acid/base-catalyzed reactions
[29,30], a catalytic function of residue Lys94 cannot be
excluded. Site-directed mutagenesis experiments will be
carried out to explore the catalytic function of the active-
site residues.
Structural determinants which reflect the adaptation to the
extreme environment of M. kandleri
Biochemical and structural information is available for
several proteins from either halophilic and hyperther-
mophilic organisms; however, M. kandleri is the only
organism from which proteins have been structurally
characterized that have to withstand both temperatures
near 100°C and salt concentrations of higher than 1 M.
Comparison of halophilic proteins with their non-
halophilic counterparts indicated three structural deter-
minants contributing to halotolerance: an increased
fraction of acidic residues at the surface [25,31,32]; a
decreased fraction of hydrophobic residues at the surface
[33]; and an increased arginine to lysine ratio [25,34,35].
Indeed, in Mch, the frequency of glutamic acid was found
to be dramatically increased, whereas the hydrophobic
surface fraction was significantly decreased when com-
pared with other H4MPT-dependent cyclohydrolases.
Both a decreased hydrophobic surface fraction and an
increased fraction of acidic residues are thought to
prevent the enzyme from aggregating at high salt concen-
trations [36,37]. In contrast, an increase of the arginine to
lysine ratio was not observed in Mch, and this observation
also applies for other proteins from M. kandleri such as
methyl coenzyme M reductase [38] and formyl-
methanofuran:H4MPT formyltransferase [39].
Adaptation strategies of hyperthermophilic proteins as
derived from comparative structure analysis include the
stabilization of flexible regions such as loops or the
N termini and C termini [40], an increased number of
intrasubunit ion pairs [41] and a higher oligomerization
state [42]. The most striking adaptation strategy in Mch is
the change in the oligomerization state from a dimer, as
reported for mesophilic or even moderately thermophilic
H4MPT-dependent cyclohydrolases [2,6,8,11], to a trimer;
this substantially enlarges the buried surface area and
increases the packing density. Because of the trimeriza-
tion not only the hydrophobic interactions between the
subunits are strengthened but several loops and also the
N termini and C termini are fixed by contacts to the
neighboring subunits. In contrast, the number of intrasub-
unit ion pairs per residue was not found to be higher than
that of an average mesophilic protein [43] as reported in
[39,41,44], but in fact to be decreased to 0.03. An
increased number of ion pairs might, therefore, not be a
prerequisite for thermophilic adaptation. 
Mch is not independently adapted to high temperatures
and high salt concentrations, but both properties are
strongly interconnected. Activity and stability at high tem-
peratures can be achieved only at high concentrations of
lyotropic salts. This can be understood at a molecular level
because high lyotropic salt concentrations enhance
hydrophobic interactions in the trimer interface because of
the salting out effect [45] and reduce the repulsion of the
negatively charged amino acids at the trimer surface. As
the substrate binding itself involves hydrophobic interac-
tions, the salt dependence of the activity of Mch might
also reflect differences in substrate affinity.
Biological implications
Tetrahydromethanopterin (H4MPT) is a structural ana-
logue of tetrahydrofolate (H4F) that is found in the
anaerobic methanogenic and sulphate-reducing archaea
and in the aerobic methylotrophic bacterium Methylo-
bacterium extorquens. Both H4MPT and H4F are
involved in the conversion of C1 units from the formate
to the methanol oxidation level. The enzyme from the
hyperthermophilic methanogenic archaeon Methanopy-
rus kandleri is involved in CO2 reduction to methane, a
metabolic pathway that is coupled with energy conserva-
tion. Methenyl-H4MPT cyclohydrolase catalyzes the
reversible interconversion from methenyl-H4MPT+ to
formyl-H4MPT, which is analogous to the reaction per-
formed by methenyl-H4F cyclohydrolase. The hydrolysis
products differ, however, because in the case of
methenyl-H4MPT cyclohydrolase, N5-formyl-H4MPT is
formed and in the case of methenyl-H4F cyclohydrolase,
N10-formyl-H4F is formed, which results in an important
difference in the thermodynamics of the reactions.
Whereas hydrolysis of H4MPT to N5-formyl-H4MPT is
endergonic by +5 kJ/mol, that of methenyl-H4F to
N10-formyl-H4F is exergonic by –6 kJ/mol.
In this report, the crystal structure of methenyl-H4MPT
cyclohydrolase from M. kandleri heterologously pro-
duced in Escherichia coli is presented. The structure of
the homotrimeric protein exhibits a new α/β fold that is
different to that of the folate-dependent dehydroge-
nase/cyclohydrolase. Both structures are similar,
however, in that both have two α/β domains with a
large pocket between them. 
Although the structure of the enzyme–substrate complex
is not known, the approximate binding site of the sub-
strate methenyl-H4MPT+ can be predicted considering
two independent, but highly compatible structural fea-
tures. The first is a stretch of basic residues at the
entrance of the pocket, which might bind to the nega-
tively charged α-hydroxyglutarylphosphate moiety of the
substrate. The second feature is a large interdomain
pocket that can accommodate the aminobenzoate and
pterin moieties of the substrate. One of the pocket walls
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includes a solvent-exposed flexible loop of hydrophobic
amino acids that is predicted to undergo a conforma-
tional change upon substrate binding. Although it was
impossible to predict specific protein–substrate interac-
tions from modelling studies, the residues lining the
active site could be identified and their function is now
being investigated by site-directed mutagenesis studies. 
Mch is active at temperatures above 90°C and in the
presence of high concentrations of lyotropic salts. Major
determinants of the thermostability of Mch are the
higher oligomerization state compared with the
mesophilic H4MPT-dependent cyclohydrolases and the
fixture of the N and C termini. In contrast to other ther-
mophilic proteins, no increase in the number of ion pairs
was observed in Mch. The adaptation to high concentra-
tions of lyotropic salts is reflected by the abundance of
negatively charged amino acids and by a decreased
hydrophobic fraction of residues at the surface of the
enzyme. The observed salt dependency of the thermosta-
bility is probably because of the compensation of repul-
sive forces between the negatively charged surface
residues by inorganic cations and because of an increase
of the hydrophobic interactions within the core and the
subunit interface. 
Materials and methods 
Total reflection X-ray fluorecence spectrometry (TXRF)
All TXRF measurements were performed using an EXTRA IIa TXRF
spectrometer (ATOMIKA Instruments, Oberschleissheim, Germany)
equipped with Mo, W(L) and W(brems) excitation units, a Si(Li) solid
state detector, an automatic sample changer and a computer con-
trolled multichannel analyzer system. Prior to analysis the enzyme was
dialyzed against a buffer solution containing 20 mM Tris-acetate pH 7.
An internal standard of yttrium (100 µg/ml) was added to the prepared
enzyme solution. A sample of 5 µl of this solution was transferred onto
a quartz glass carrier, dried to a thin film and measured for 1000 s
using Mo radiation for excitation (voltage 50 kV, current 38 mA, dead
time 20–30%). All samples were measured three times. 
Crystallization
Mch was overexpressed in E. coli and purified as described [9]. Crys-
tals suitable for X-ray analysis were obtained by the hanging-drop
method at a temperature of 4°C using a reservoir solution containing
28% PEG 1000, 30% glycerol and 0.1 M sodium acetate buffer at
pH 4.0. Droplets of 2 µl volume of the reservoir solution and of a solu-
tion containing 10 mg/ml protein in 50 mM Tris buffer at pH 7.5 were
thoroughly mixed.
Three similar crystal forms were obtained under nearly identical condi-
tions. Hexagonal crystals with the size 0.3 × 0.3 × 0.5 mm3, belonging
to the space group P6322 with unit-cell parameters of a = b = 126.1 Å
and c = 172.1 Å were used for structure determination. The two other
crystal forms belong to the space groups R3 and C2221 with cell con-
stants of a = b = 126.5 Å, c = 262.6 Å and a = 126.1 Å, b = 217.6 Å,
c = 72.9 Å, respectively. The R3 crystal form contains the protein with
the original N terminus. 
Data collection and phasing
Data sets Nat and Lu5 were collected in-house with a Rigaku RAXIS
2C detector mounted on a Rigaku rotating Cu anode X-ray generator.
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Table 1
Data sets used for structure determination and refinement.
Dataset Nat1 NatR3 Lu1 Lu2 Lu3 Lu4 Lu5
Wavelength (Å) 1.542 1.050 1.337 1.338 1.050 1.337 1.542
Resolution (Å) 2.0 2.4 2.6 2.6 2.6 2.8 2.7
Completeness (%)
overall/outer shell 99.3/99.7 94.7/91.2 98.7/99.6 94.3/96.1 93.3/95.6 81.3/82.0 99.3/99.6
Rsym (%)*
overall/outer shell 8.2/30.1 6.8/30.8 5.9/18.7 6.4/18.7 5.5/18.7 7.7/21.2 9.5/22.6
Phasing power (iso/ano)† – – 1.30/0.87 1.30/0.74 1.00/0.61 0.79/0.72 0.72/0.70
*Rsym = (Σ|<I>–I|/Σ|I|, where the sum is over all symmetry-equivalent reflections. †Phasing power = FH/E, where FH is the calculated heavy-atom
structure factor and E is the residual lack of closure error.
Figure 8
Solvent-flattened SIRAS electron-density map with the final model of
Mch. The map was contoured at 1σ.
All measurements were performed at 90K with a cryostream cooler
(Oxford Cryosystems) using the mother liquor of the crystals as cryo-
protectant. Lu derivatives of Mch were prepared by dissolving 10 µg
solid LuCl3 in the hanging drop since the crystals appeared to be very
susceptible to changes in the mother liqour. The crystals for the native
data set Nat and the derivative data sets Lu1–Lu5 were originated from
the same drop.
MAD data and dataset NatR3 were collected at the BW6 beamline at
DESY in Hamburg. After identifying the exact wavelength of the
Lu–LIII-edge by a fluorescence scan, two data sets Lu1 and Lu2 at
the peak wavelength and at the inflection point were measured in an
inverse beam experiment. Two data sets (Lu3 and Lu4) of a second
crystal were recorded at the remote and the peak wavelength. The
statistics of data collection are summarized in Table 1. All data were
integrated and scaled with the HKL [46] and the CCP4 [47] suites.
One lutetium-binding site was identified in the anomalous Patterson
map of Lu1. Heavy-atom position and anomalous scattering coeffi-
cients were refined and phases calculated using the program
SHARP [48]. SHARP was useful to handle the large anisotropy of
the heavy atom binding site in the z direction and to accurately esti-
mate the anomalous scattering contribution from a refinement of the
anomalous scattering factors. The phasing statistics of the data sets
are summarized in Table 1. After solvent flattening with the program
SOLOMON [46], a readily interpretable electron density (Figure 8)
was obtained. 
Model building and refinement 
A starting model containing all amino acids was built into the solvent-
flattened electron-density map with the program O [49] and subjected to
a simulated annealing protocol using the maximum likelihood target of the
program CNS [50]. Subsequent cycles of interactive model building and
positional and isotropic temperature-factor refinement resulted in a final
model with the parameters as given in Table 2. The quality of the refine-
ment was checked using the program PROCHECK [51]. No outliers
were found in the Ramachandran plot. The structure of the R3 crystal
form was solved by molecular replacement using the program AMoRe
[52] and refined using the same protocol as for the P6322 crystal form.
Accession numbers
The coordinates of Mch have been deposited with the Brookhaven Protein
Data Bank, accession code 1QLM, and are available upon publication.
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Table 2
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